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Life Sciences Division Oak Ridge National Laboratory showed a total lack of fetal liver hematopoiesis (Okuda et al., 1996; Sasaki et al., 1996; Wang et al., 1996a , 1060 Commerce Park Drive Oak Ridge, Tennessee 37830-6480 1996b , suggesting that this transcription-factor complex plays a key role in hematopoietic development. To elucidate the role of Cbfa1 in vivo, we have introduced a germline mutation into mice that results in an inability Summary to produce a Cbfa1 gene product. Mice homozygous for this mutation show a block in osteoblast developWe have generated Cbfa1-deficient mice. Homozyment from mesenchyme and thus no ossification. Hetgous mutants die of respiratory failure shortly after erozygous mice show specific bone defects that recapitbirth. Analysis of their skeletons revealed an absence ulate the phenotype of the human skeletal disorder of osteoblasts and bone. Heterozygous mice showed named cleidocranial dysplasia (CCD). We further show specific skeletal abnormalities that are characteristic that the Cbfa1 gene is deleted in a radiation-induced of the human heritable skeletal disorder, cleidocranial mouse model of CCD. dysplasia (CCD). These defects are also observed in a mouse Ccd mutant for this disease. The Cbfa1 gene was shown to be deleted in the Ccd mutation. Analysis Results of embryonic Cbfa1 expression using a lacZ reporter gene revealed strong expression at sites of bone forTargeting of the Cbfa1 Gene mation prior to the earliest stages of ossification. Thus, Cbfa1 was mutated in ES cells using replacement-type the Cbfa1 gene is essential for osteoblast differentiatargeting vectors using the strategy shown in Figure 1a . tion and bone formation, and the Cbfa1 heterozygous Correctly targeted G418-resistant colonies were identimouse is a paradigm for a human skeletal disorder.
fied by Southern blot analysis of SacI-digested ES cell genomic DNA using the probe shown in Figure 1a . Of 860 G418-resistant ES cell colonies screened, 10 correctly Introduction targeted colonies were identified. There was no significant increase in targeting frequency when the conThe core-binding factor (CBF) transcription factors are struct containing a DTA selection cassette was used. a family of heterodimeric proteins of two unrelated subFive different homologously targeted ES cell clones units comprising a DNA binding ␣ subunit and a nonwere injected into C57BL/6 blastocysts, and one line DNA-binding ␤ subunit. The mammalian CBF␣ subunits was transmitted through the germ line. are encoded by three distinct genes (CBFA1, CBFA2,
To verify the structure of the targeted locus on both sides, genomic DNA from wild type and heterozygous mice was hybridized to probes A and C (Figure 1a) (Figures 1b and 1c) . The existence of a single integration 22100 Lund, Sweden. site at the targeted locus was verified on SacI-digested 9 Present address: Department of Pediatrics, Johannes-Gutenberg-DNA with probe B (Figure 1a) , giving a single 5.6 kb University, 55101 Mainz, Germany. 10 To whom correspondence should be addressed.
fragment (data not shown). about one-third (data not shown). They exhibited a characteristic facies from about 16.5 dpc onward with a foreshortened nose.
To ensure that the homozygous Cbfa1 mutant mice did not express any detectable Cbfa1 protein, Western bryos and were stained with Alcian blue and Alizarin red dyes, which detect cartilage and bone tissue, respectively. As shown in Figure 2a , skeletons of 17.5 dpc wildHomozygous Cbfa1-Null Mutants Are Small type mice showed ossification in the skull, vertebral and Die at Birth of Respiratory Failure arches, ribs, clavicles, scapulae, pelvis, long bones, A total of 170 pups from heterozygous matings were metacarpals, and metatarsals. In contrast, skeletons genotyped by Southern blot analysis between 10 days from Cbfa1-null mice at the same embryonic age exhiband 3 weeks of age, and none were homozygous for ited an almost complete absence of mineralized bone the Cbfa1 mutation. Fifty-seven (34%) were wild type, tissue that should stain in red (Figure 2b ). Cartilage forand 113 (66%) were heterozygous for the mutant alleles. mation, however, was grossly unaffected by the mutaTo delineate when Cbfa1 homozygous mutant mice die, tion (Figure 2b ). At the time of birth, homozygous mutant yolk sac or tail DNA from 10.5-19 dpc embryos was mice showed some small areas of mineralization (data analyzed. Of a total of 152 embryos, there were 38 wild not shown). As detailed below, these areas did not corretype, 77 heterozygous, and 37 homozygous mutant spond to any ossification. Cbfa1 embryos, suggesting that early postpartum death occurred.
Skeletal Abnormalities in Mice Heterozygous
To elucidate the cause of death in Cbfa1 Ϫ/Ϫ mice, for the Cbfa1 Mutation pups from heterozygote intercrosses were delivered by Analysis of the skeletons of Cbfa1 ϩ/Ϫ mice also showed Caesarean section at 18.5 or 19.5 dpc. The majority some abnormalities. The most prominent defects were lived, but some pups sporadically gasped for air at irreghypoplasia of the clavicle and delayed development of ular intervals, and after 20 min there was no sign of life. membranous bones. In newborn Cbfa1 ϩ/Ϫ mice, the All the pups that failed to breathe were subsequently clavicle was barely visible when compared to wild-type shown to be homozygous mutant mice, and none of the littermates and merely consisted of a lateral rudiment other littermates were Cbfa1 Ϫ/Ϫ . (Figures 3a and 3b ). There was also delayed ossification When compared to their littermates, Cbfa1 Ϫ/Ϫ embryos were smaller, and their weight was reduced by of the cranial bones resulting in an open anterior and and homozygous mutant embryos for reporter ␤-galactosidase activity (Figure 4) . No difference in the pattern of staining could be discerned between null and heterozygous embryos, although the staining intensity was higher in homozygous embryos. In general, expression was restricted almost entirely to prospective bone tissue and to the notochord and its derivative, the nucleus pulposus. Weak staining was first observed at 9.5 dpc only in the notochord underlying the mid-and hindbrain (data not shown). A day later, notochord expression extended into the trunk, and expression was also evident in mesoderm corresponding to the site where the shoulder bones (scapula and clavicle) will develop (Figure 4A, arrowhead) . By 11.5 dpc the maxillary and mandibular components of the first branchial arch also stained ( Figure 4B , arrowhead), as did the developing humerus in the forelimb ( Figure 4B ). At 12.5 dpc, ␤-galactosidase activity was most prominent in the ribs and vertebral bodies of the spinal column, the developing bones of the limbs, the shoulder and pelvic girdles, the jaw, and the skull ( Figures 4C and 4D ). The dorsal aspect of the genital tubercle was also stained ( Figure 4G ), and nascent mammary gland epithelium expressed ␤-galactosidase ( Figure 4I ). Transverse sections through the radius and ulna revealed that the periosteal mesenchyme contained ␤-galactosidase activity ( Figure 4H ). The nucleus pulposus was stained throughout the length of the vertebral column ( Figure 4J ).
Histological Abnormalities
In order to investigate the precise nature of the observed skeletal defects, a detailed histological analysis was performed. Both wild-type and heterozygous embryos showed endochondral ossification centers at 16.5 dpc, with vascularization and population of the marrow by dpc. While no osteoid was observed, there was patchy calcification of the cartilaginous tissue matrix in the femur, tibia, and vertebrae, giving a reticulated pattern in posterior fontanelle, as well as wide cranial sutures (Fig- the diaphyseal regions ( Figure 5h ). ures 3c and 3d). The parietal and interparietal bones At 19.5 dpc, the clavicular structure of wild-type emwere also much reduced in size, and multiple Wormian bryos was well developed, with a medial cartilaginous bones were present (Figures 3c and 3d ). Other notable head from which a growth plate extended laterally with skeletal defects in Cbfa1 ϩ/Ϫ mice were the hypoplastic endochondral ossification. Organization and developnature of the hyoid bone and a wider-than-normal ment of the lateral intramembranous bone was also xiphoid process with two well-separated ossification apparent (Figure 5d ). The clavicles of Cbfa1 ϩ/Ϫ mice centers (Figures 3e and 3f) . The pubic and ischial bones showed a slightly less active periclavicular mesenchyme were widely separated and hypoplastic (data not with less advanced cartilaginous differentiation at 16.5 shown).
dpc, but with organizing cartilage at 19.5 dpc ( Figure  5g ). In contrast to other skeletal development, however, the heterozygotes showed neither surface osteoblastic Expression Pattern of Cbfa1 during Development The expression pattern of Cbfa1 during development differentiation nor intramembranous bone formation laterally. Adult Cbfa1 ϩ/Ϫ mice had a solid cartilaginous bar was assessed up to 12.5 dpc by staining heterozygous within a thick fibrous sheath; the cartilage appeared similar distribution in developing epiphyses (data not shown). disorganized and showed no matrix calcification (data not shown). No cellular clavicular mesenchyme was Examination of blood smears of 16.5 dpc Cbfa1 Ϫ/Ϫ mice revealed an increase of between 10-to 100-fold identified in the Cbfa1 Ϫ/Ϫ mice, and thus there was no cartilaginous head identifiable. In some mice, a thin fiin primitive nucleated erythrocytes when compared to wild-type littermates (data not shown). brovascular band without active proliferation, as judged by the absence of mitotic activity, was identified in the Except for the lungs, all internal organs appeared to be normally developed for gestational age and proporregion of the clavicle (data not shown).
When compared to wild-type mice, the skulls of tionate to size in both Cbfa1 Ϫ/Ϫ and Cbfa1 ϩ/Ϫ mice. The lungs were underinflated and showed vascular congesCbfa1 ϩ/Ϫ mice had slightly thinner cartilage plates with barely detectable intramembranous ossification at 16.5 tion in the live-born Cbfa1 Ϫ/Ϫ mice, although bronchioalveolar development was normal. Their appearance dpc, but at 19.5 dpc ossification was apparent. Cbfa1 Ϫ/Ϫ mice had thinner cartilaginous plates, and the cellular was consistent with an asphyxial mode of death (data not shown). mesenchymal layer giving rise to intramembranous ossification was absent (data not shown).
The development of the primordium of the tooth struc-
Cbfa1 Is Deleted in the Mouse Ccd Mutation
The Ccd mouse is a radiation-induced mutant (Selby ture was slightly delayed but structurally normal in heterozygotes. In Cbfa1 Ϫ/Ϫ mice, these primordia were and Selby, 1978) with a phenotype very similar to human CCD patients. Since the phenotype of heterozygous Ccd severely hypoplastic, although differentiation into the different layers was recognizable (data not shown).
mice is also virtually indistinguishable from heterozygous Cbfa1 mutant mice, we investigated whether the The lack of osteoblast differentiation in Cbfa1 Ϫ/Ϫ mice revealed by this histological analysis was confirmed by Cbfa1 gene is affected in Ccd mutant mice. DNA from mice heterozygous for the Ccd mutation on a C57BL/ determining the expression of alkaline phosphatase, an early marker of osteoblast differentiation. In the wild-10 background and for the wild-type allele on an M. castaneus background was analyzed by Southern blottype mice, there was intense reactivity in the surface osteoblasts around the developing epiphyses, and ting using a Cbfa1 cDNA probe. As shown in Figure 6a , different size bands hybridizing with the Cbfa1 probe staining was also observed in the surrounding mesenchyme and on osteocytes and osteoblasts in the cancelwere observed in the C57BL/10 and M. castaneus genetic backgrounds. The C57BL/10 allele was specifically lous area of the bone (Figure 5f ). In contrast, Cbfa1 Ϫ/Ϫ mice showed weak or absent staining in the perichondral absent in Ccd mice, demonstrating that the Cbfa1 gene is at least partially deleted. mesenchyme in the predicted epipyseal areas with no surface staining (Figure 5i) . The heterozygote mice A human locus for CCD has been identified on chromosome 6p21 close to the TCTE1 gene (Mundlos et al., showed less abudant staining than the wild type but (a-c, e, and h) Endochondral and subperiosteal ossification in the tibia of newborn wildtype (a and e), heterozygous (b), and homozygous (c and h) Cbfa1 mutant mice. The growth-plate architecture is slightly less organized in heterozygous mice (b). Ossification centers, subperiosteal ossification, and formation of a marrow cavity are absent in homozygous mice (c). Higher magnification shows a periosteal osteoblast layer (arrowheads) and an active periosteal mesenchymal cell layer in wild-type mice (e). In Cbfa1 Ϫ/Ϫ mice (h), the mesenchymal cell layer is small and inactive (arrowhead), and no osteoblasts are present (arrowhead). Some mineralization occurs within the cartilage (arrow). (d and g) . Clavicular development. Sections in the plane of the clavicle show endochondral ossification and cancellous bone containing hematopoietically active marrow in 19.5 dpc wild-type mice (d). In heterozygous mice, the medial end of the clavicle is cartilaginous but without any osteoblastic activity, while the remaining medial and lateral parts consist of cellular mesenchyme (g). (f and i) Alkaline-phosphatase staining. Alkaline-phosphatase activity was easily detectable in 17.5 dpc wild-type long bones (f), with intense reactivity in the surface osteoblasts around the developing epiphyses (arrow), but was weak or absent in homozygotes (i).
1995). Therefore, the syntenic region on mouse chromoossification presumably also explains the mortality of Cbfa1 Ϫ/Ϫ mice from apparent respiratory distress shortly some 17 was tested for linkage to the Ccd mutation, which was originally induced on an inbred 102 strain after birth, presumably owing to inadequate support for respiratory effort from a soft, cartilaginous rib cage. Alusing a variety of MIT microsatellite markers and DNA from cast/cast, cast/C57BL10, cast/Ccd, and 102/102 though both intramembranous and endochondral ossification are affected by Cbfa1 deficiency, the former intercrosses. Linkage was readily established. We identified an approximately 2.5 cM deletion by demonseems to be especially susceptible, since mice heterozygous for the Cbfa1 mutation showed specific defects strating loss of the Ccd allele in affected animals. This deletion included MIT markers D17Mit51, D17Mit137, D17Mit52, D17Mit136, D17Mit176, D17Mit124, and D17Mit105 (Figure 6b ). Southern blot analysis of RFLPs demonstrated that Mut was deleted, in addition to Cbfa1, but excluded Tcte1, Tpx1, Nfya, D17Tu37, and D17Tu40 from the deletion (Figure 6b ). The deletion was flanked on both sides by small (Ͻ5 cM) stretches where the original 102 alleles had been maintained.
Discussion
We have demonstrated that the Cbfa1 gene is essential for the differentiation of osteoblasts and thus for bone formation during the development of the skeleton. Two types of bone development have been distinguished (Erlebacher et al., 1995) . During mammalian embryogenesis, most bones are laid down initially as a framework or anlage of hyaline cartilage in a process known as , 1996) . We have mapped the extent of the deletion in the Ccd mouse and shown that the Cbfa1 fontanelles.
Chondrocytes, osteoblasts, and osteoclasts are the gene is within the segment of DNA that is deleted. Taken together, these data establish a strong case that CBFA1 major cell types that contribute to the skeleton (Erlebacher et al., 1995) . Detailed histological analysis of is the gene that is mutated in human CCD.
In conclusion, we show that the Cbfa1 gene plays an Cbfa1 Ϫ/Ϫ mice showed a specific failure of osteoblastic differentiation and failure to vascularize the marrow.
essential role in osteoblast differentiation of the cellular periosteal mesenchyme and consequent bone developThus, osteoblasts were absent from all bones examined, although chondrocytes were present. Moreover, there ment. This work, together with the analysis of Cbfa2-and Cbfb-null mice, which shows that these genes are was almost complete absence of alkaline phosphatase, an early marker of osteoblast differentiation, in bone essential for the development of hematopoietic stem cells or multipotential progenitors, clearly establishes tissue from Cbfa1 Ϫ/Ϫ mice. There were also no discernible hematopoietic precursors associated with the bone the CBF family of transcription factors as playing important but distinct roles in development. Moreover, this structures in these mice, demonstrating that ossification is essential for the proper vascularization and colonizastudy provides a compelling example of the identification of a candidate gene involved in a human genetic tion of bone by marrow or that Cbfa1 is expressed in a common ancestor between stromal cells and osteodisease by the generation and analysis of a mouse mutant by targeted mutagenesis. blasts. The endothelial precursors for marrow formation also arise from the primitive periosteal mesenchymal layer, indicating that the Cbfa1 gene is essential to diver- LacZ staining was first observed at 9.5 dpc, and by 10.5 to create the vector pCBFKN1. The cassette contains stop codons dpc, staining was observed in the mesenchyme from in all three frames, an independent ribosomal entry sequence (IRES) which the shoulder bones develop. By 12.5 dpc, LacZ followed by the lacZ gene with an SV40 polyadenylation signal, and activity was prominent throughout the developing skelea neomycin phosphotransferase gene (MC1Neo poly(A); gift of Dr.
ton. Since osteoblasts are first identifiable at about 14.5 A. Smith, Centre for Genome Research, Edinburgh). A diphtheria toxin A (DTA) expression cassette was inserted into pCBFKN1 outdpc (Kaufman, 1992) the clavicle, a wide pubic symphysis, and short stature. Correctly targeted cells were injected into C57BL/6 blastocysts. Injected blastocysts were cultured overnight and then implanted 1996) . Human CBFA1 also maps to chromosome 6p21 into 2.5-days-pseudopregnant females. Chimeric mice were bred (Levanon et al., 1994) . Interestingly, there is another to C57BL/6 mice to yield mice heterozygous for the mutant allele.
mouse model that also shows close similarities to huHeterozygous mice were interbred and time mated to yield homozyman CCD (Sillence et al., 1987) . This mouse mutant was gous mutant animals. All animals were kept under specific pathoinduced by gamma irradiation (Selby and Selby, 1978) , gen-free conditions and in accordance with Home Office regulaand the mutation has been shown to map to chromotions. The morning of the day on which the plug was found was defined as 0.5 dpc. Mice were genotyped from tail DNA.
some 17 in the same region as the mouse Cbfa1 gene
Skeleton Preparations
Geoffroy, V., Ducy, P., and Karsenty, G. (1995) . A PEBP2 alpha/AML-1 related factor increases osteocalcin promoter activity through its Embryos were eviscerated and the skin was removed. After overnight fixation in 95% ethanol, embryos were stained in Alcian blue binding to an osteoblast-specific cis-acting element. J. Biol. Chem. 270, 30973-30979. solution (150 mg Alcian blue, 800 ml 98% ethanol, 200 ml acetic acid) overnight. After several hours in 95% ethanol, they were transHamvas, R., Trachtulec, Z., Forejt, J., Williams, R.W., Arzt, K., Fiferred to 2% KOH for 24 hr. After overnight staining in Alizarin red scher-Lindahl, K., and Silver, L.M. (1996) . Encyclopedia of the mouse solution (50 mg/l Alizarin red in 2% KOH), skeletons were cleared genome V. Mouse chromosome 17. Mammalian Genome 6, S281-in 1% KOH/20% glycerol and stored in 50% ethanol/50% glycerol.
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